The aim of the present work is to predict the fatigue life of a friction stir welded (FSW) joint in the 2024-T351 aluminum alloy using the finite element method in the framework of Fracture Analysis Code for Two Dimensions (FRANC2D/L). The simulation is conducted using linear elastic fracture mechanics based on Paris' model, and the maximum tensile stress and displacement correlation methods are applied to calculate the crack direction and stress intensity factor, respectively. Several strategies are applied in order to predict the crack propagations through various welded zones regarding the corresponding parameters and Paris constants for each zone. The entire crack growth process is investigated step by step through all of the FSW zones, and the fatigue lifetimes of the FSW joint under various loading conditions are predicted by implementing the same procedure. The numerical results are validated with experimental and analytical work.
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Introduction
Friction stir welding (FSW) is a type of solid state welding, invented in 1991 by The Welding Institute (TWI) in Cambridge, UK, which involves a joining process using no filler materials [1, 2] . In the FSW process, a threaded or non-threaded pin installed on a cylindrical tool approaches the joint line of two butted plates while rotating quickly and is inserted between the plates. Then, the pin translates along the joint and the generated frictional heat softens the material. Pin rotation deforms both plate materials plastically and drags some of the materials from the front to the back, effectively stirring them as shown in Figure 1 . The FSW joint has a V-shaped welded area that consists of five different sub-areas ( Figure 2 ), called:
1. the nugget zone (NZ) 2. the flow arm zone (FAZ) 3 . the thermomechanically affected zone (TMAZ) 4 . the heat affected zone (HAZ) 5 . the parent zone (PZ) [1] [2] [3] [4] [5] .
The FSW technique is appropriate for materials with low-melting points like aluminum (Al) and magnesium (Mg) [5, 6] . However it is sometimes applied to metals with high melting points, such as different steel alloys [7, 8] as well as composite materials [4, [9] [10] [11] . There have been many studies of the application of FSW to joints consisting of two different materials [2, 3, 7, 8, 12] .
Previous studies have demonstrated significant influences from three factors: (1) microstructure [4, 5, 12 , Figure 1 . Schematic illustration of FSW butt joint [2] 13], (2) hardness [2, 4, 6, 12, 13] , and (3) residual stress [1, 4, 6] on fatigue crack behavior of FSW joints where these characteristics depend on the material type and the welding process. Any changes in the parameters of the welding process, such as tool geometry, feeding speed, and tool material, cause different properties of the welded zones [3, 14, 15] . Experimental studies have shown a relation between the grain size in the zones and crack growth, where the crack propagation rate increases with decreased grain size [5, 12] . In other words, smaller grains within a structure simplify crack growth in the structure. When the grains are smaller, cracks can advance through the grains more easily and have the opportunity to join together and generate a longer crack.
Hardness characteristic is not uniform within a FSW joint and varies through the thickness as well as along the zones. The 2xxx and 7xxx series Al alloys have their maximum hardness in the HAZ and the minimum hardness in the TMAZ [6, 16, 17] . Ceschini et al. [4] conducted research on AA7005/10 vol.%Al2O3p composite and showed that the minimum hardness occurs in the NZ1 however, it increases toward the TMAZ, where the maximum value occurs. Cavaliere et al. [9] worked on 7005/Al2O3/10p metal matrix composite sheets and reported that the maximum hardness (130 Hv1) in a FSW joint occurs around the plane joint line (PJL) at the NZ, and decreases toward the other zones. In another study, Ceschini et al. [10] investigated the variation of hardness within a FSW joint in AA6061/20 vol.% Al2O3p composite. Although the distribution of hardness did not show a significant variation through the welded zones, it was lower than in the PZ. They attributed the lower hardness in the welded zones to the smaller crystals and grains in the FSW zones. Regardless of the variation trend of hardness within the welding joint, the influence of this characteristic on crack growth rate can be considered as a direct effect, where a higher value of hardness leads to a higher crack growth rate.
Because of the important role of residual stress on fatigue crack behavior within a FSW joint, many studies have investigated the residual stress distribution along the thickness and within FSW zones [4, 9, 14, 18, 19] . Residual stress strongly depends on the properties of the materials involved in the welding, the specimen thickness and welding parameters, such as rotation and translation speed of the cylinder, the shape of the probe and the tool feed rate. The residual stress is not uniform through the welded joint1 where it varies from one zone to another as well as within the thickness. Webster et al. [20] used Xray technique on the AA 7108-T79 alloy and confirmed this idea. Fratini and Zuccarello [1] studied the residual stress distribution through the thickness in four Al alloys (AA 6082-T6, AA 2024-T4, AA 7075-T6, and AA 1050-O) using the hole-drilling method. These studies showed negative values of residual stress in the surfaces of the Al alloys, which increased through the thickness. Bussu and Irving [6] studied the effect of residual stress on crack propagation within a FSW joint in 2024-T351 Al alloy for two different SCT and CT specimens. The obtained results confirmed that the residual stress is not uniform and varies through the welded zones, and that the maximum tensile stress occurs in the TMAZ but decreases toward the PJL. The residual stress within the HAZ changes to compression. This study showed that in the SCT specimen, the crack growth rate 11 mm away from the PJL, within the TMAZ is 10 times higher than the rate in the PZ1 however, this ratio decreases in the NZ to 1:4 compared with the TMAZ. The lower propagation rate through the HAZ compared with the PZ is attributed to the observed compressive residual stress within this zone. The maximum growth rate in the CT specimen with a crack parallel to the weld line was measured 28 mm from the PJL. Prime et al. [21] investigated the residual stress within the FSW joint of two different Al alloys, 7050-T7451 and 2024-T351. The results showed an asymmetric M-shaped distribution of residual stress along the welding zones that reached a maximum value of 32 MPa in the HAZ.
Ingraffea et al. [22] performed one of the first studies to simulate crack growth in two dimensions (2-D) under mixed-mode condition by applying the boundary element method (BEM). In the case of a 2-D simulation, the crack is assumed to be a surface crack that propagates in two directions, and advancement through the thickness is not considered. Xiang et al. [19] used a multi-region BEM to investigate fatigue crack behavior in 3-D along a welded T-joint specimen. Propagation of multiple fatigue cracks under linear elastic fracture mechanics (LEFM) in 2-D was simulated by Yan [23] using the BEM. In that study, the maximum principle stress criterion was used to predict the crack growth direction, and Paris' model was extended to cover the crack propagation process in a multiple crack problem under mixed-mode condition. Kesling and Whittaker [24] applied a simulation method to investigate the fatigue reliability of the structures which fail due to fatigue crack propagation. The selected crack growth model in that research showed a good compatibility with the steel compositions1 however they recommended the model for other materials. Cosenza et al. [25] simulated a cold extrusion die using an Object Solid Modeler (OSM) to model the die, and FRANC3D to analyze the crack propagation based on Paris' model. The fatigue crack behavior of a fan blade attachment in an aircraft turbine engine under centrifugal and aerodynamic loading was simulated by Barlow and Chandra [18] in 3-D using FRANC3D. Due to the complex blade attachment geometry and complicated loading condition, a mixed-mode loading condition was considered. They employed a maximum tangential stress criterion in order to predict the crack growth direction, and Newman-Forman equation to calculate the growth rate. Okah-Avae [26] studied the effect of the transverse fatigue crack on the dynamic response of rotor shaft through the computational simulation.
As briefly reported above, the previous studies represent extensive research on crack propagation through one material with homogeneous properties. However, the main goal in this work was to study the fatigue crack behavior through an FSW joint consisting of several zones with different material characteristics. The numerical study was carried out with the finite element method (FEM), using FRANC2D/L and based on Paris' model. In fact FRANC2D/L has been developed to simulate the crack propagation only through one material with homogeneous characteristics and does not have the capacity to simulate the crack growth within several FSW zones with different properties. Therefore, several strategies were applied in this work to predict the crack propagations through various welded zones regarding to the corresponding parameters and Paris constants for each zone. Finally, the fatigue lifetimes of the FSW joint were predicted for various loading conditions and represented in a S-N curve. The numerical simulation results were validated with experiments. The predictions were also compared with lifetimes calculated analytically using the Hobson-Brown model [27] .
Experiment
The current research is a numerical complement to the previous experimental work which was conducted by one of the authors of the present research [27] . The experimental tests were performed on FS welded plates with dimensions of 80 3 60 3 13 mm, which were provided by Airbus UK Ltd. The plates were welded along the longitudinal direction and polished in order to remove any irregularities from the surface. The specimen was subjected to a four-point bending test at a frequency of 20 HZ, constant amplitude and a stress ratio of R 4 041 as shown in Figure 3 . The fatigue endurance tests were carried out on the specimens according to ASTM D6272 (1998).
Residual stress was measured by applying the hole drilling strain gage technique, based on ASTM E837-99 (2000). Holes (1.6 mm nominal diameter) were drilled at 18 locations in the welding zones on both sides of the specimen along the transversal direction, as shown in Figure 4 . Three equiangular strain rosettes (CEA-06-062UL-120) were positioned at the drilled holes to measure the principle strains. Residual stresses were calculated using the obtained strains. Table 1 of residual stress for every zone on the welded surface of the joint.
presents the calculated values
Hardness measurements were carried out according to the standard test method for the Vickers hardness test (ASTM E92-82, 1989). Hardness was measured on both surfaces (top and bottom) of the specimen and at six different distances from the PJL in zones with various microstructural types. In order to investigate the hardness variation through the specimen depth, the microhardness test was performed by a digitally-controlled hardness test machine applying a 1.0 kg force for 15 seconds. Table 1 shows the obtained values of hardness for every zone on the welded surface of the joint. The hardness characteristic greatly influences the stress-strain behavior and yield strength of the material1 higher hardness leads to higher yield strength. The stress-strain data for each FSW zone of the 2024 Al alloy is presented in Table 2 .
Scanning electron microscopy (SEM) was used in the experiments to detect the initial cracks through the welded joint. The obtained results show the influence of the applied loading on the origin and size of the crack at initiation, and how a higher applied stress will increase the length of the initiated crack and change the crack origin further along the PJL. Figure 5 shows the initial crack origins detected by SEM for loading conditions of 161 MPa maximum applied stress (HCF) and 300 MPa (LCF).
Crack propagation tests were carried out based on the standard test for measuring the fatigue crack growth rates described in ASTM E 647 (2000) . The specimens were tested under load control in ambient laboratory conditions using an Instron 8500 digitally controlled machine with a 100 KN load capacity. A polished mirror specimen was used in order to avoid any surface irregularities on the welded specimen that could prevent the detection of the small surface cracks.
A surface replication technique was used to monitor the crack growth due to its simplicity, low cost and reproducibility. This economical technique consists of taking replicas at several intervals over the test period and then observing them in reverse order, beginning with the last replica. The cracks on the replicas were measured from one tip to the other, in a straight line, using a Nikon Eclipse E600 microscope. The images were then collaged together to form an image of the whole crack, as illustrated in Figure 6 . The data of the surface cracks taken from the replica measurements were used to calculate the crack growth rates and life. Crack growth rates were calculated using Secant, BS DD 186 (1991), ASTM E647 3.
Simulation Process
The numerical simulations in this study consist of two individual processes: (1) modeling and meshing, which were carried out using the CASCA software, and (2) simulation and analysis using FRANC2D/L. This software is able to simulate layered structures and crack propagation through planar (plane stress, plane strain, and axisymmetric) structures.
Modeling and Meshing the Specimen Geometry
Because the moment is uniform between the two top spans in a four-point bending test (see Figure 3 ), a 60 3 20 mm rectangular plate was considered in order to model the welded surface of the specimen in this region. The model geometry was divided into several subregions to represent the FSW zones at both sides of the PJL. Figure 7 shows the arrangement and dimensions of the welding zones in the model. FRANC2D/L is compatible with second-degree elements (six-node triangular and eight-node quadrilateral elements), so eight-node quadrilateral elements, which are more suitable for covering the rectangular geometry, were used for the mesh. In addition, the displacement equations of the eight-node elements are functions of a larger number of nodal displacements, compared with the six-node elements that provide more accuracy. Figure 7 illustrates the model geometry, which includes 1,880 elements and 21,364 nodes.
Analysis and Simulation
In this research, in order to verify the applied methods and strategies, the entire crack growth process through the FSW zones was simulated and validated step-by-step for one loading condition (270 MPa maximum applied stress). The same procedure was then followed for various loading conditions in order to predict the fatigue lifetimes of the FSW joint. 
Problem Type
The present work simulated the stress condition of fourpoint bending, which is a linear gradient through the thickness of the specimen with the maximum value on the surface. Therefore, the maximum stress intensity factor and, consequently, the maximum crack growth rate, occurs at the crack front on the surface. In addition, the plastic zone ahead of the crack tip is larger on the surface than along the specimen thickness, where it precipitates the crack propagation on the surface. According to the above, the 3-D crack behavior in reality was simulated as 2-D propagation on the surface by applying a plane stress condition. The plane stress condition simplifies the effect of thickness and focuses the analysis on the surface in 2-D. In addition, this simplification does not affect the final results and is compatible with the research objective of simulating the crack propagation through the FSW zones due to existence of all zones on the surface. In the view of Chopp and Sukumar [28] , 3-D simulation seems essential when the specimen contains multiple cracks where several cracks are located and propagate in different orientations but not in the same plane.
Material Properties
In order to represent FSW zones within the model, four materials with different properties were considered. In other words, the various zones of the FSW joint were defined in the FE model by assigning different material properties to the mesh elements. The von Mises criterion was used for all of the zones, with the mechanical properties and stress-strain relationship shown in Table 1 
Loading Process
According to the complication of fatigue crack growth in FSW joints, the maximum number of effective parameters on crack growth was incorporated into current simulation in order to achieve the maximum consistency with real conditions in experiments. Therefore the residual stress was taken into account through the loading definition in the form of three different concepts as: 1) internal stress, 2) plasticity induced crack closure, and 3) stress relaxation. Because of the important role of residual stress as internal stress, individual value of it was considered for each FSW zone as presented in Table 1 . Elber [30, 31] was the first to show that the existence of residual stress within the plastic wake along the crack faces keeps them closed for a significant portion of the loading cycles. Many studies have investigated the effects of crack closure on fatigue crack growth [32] [33] [34] . The obtained results showed a reduction in the effective stress intensity factor range (2K e f f ), which guarantees more accurate fatigue life prediction. In the present work, in order to consider the effects of residual stress as an internal stress and crack closure, the effective stress range (21 e f f ) was defined as:
else:
21 e f f 4 51 max 5 1 min 6 (2)
where 1 max is the maximum applied stress, 1 min is the minimum applied stress, 1 res denotes residual stress, and 1 op represents opening stress. It is worth noting that if the maximum applied stress exceeds the material yield strength, some amount of residual stress is released as the result of plastic deformation. In this research, for the case where the specimen is loaded by 270 MPa maximum stress, the maximum and minimum stresses after incorporating the residual stress (1 max 2res , 1 min 2res ) are: where R 4 041. Because the maximum stress exceeds the yield strength of TMAZ (272 MPa), the residual stress relaxation was incorporated as follows: where Max1 rex is the maximum stress after incorporating the relaxation. Therefore, the new value of minimum stress can be calculated as Min1 rex 4 1 min 2res 5 5366 5 3186 4 75 MPa. According to Equation (1) and 1 op 4 110 MPa, the effective stress range is 21 ef f 4 Max1 rex 5 1 op 4 208 MPa. Finally, the calculated value of loading was applied along the two opposite edges of the model as distributed loading. However, in FRANC2D/L the load is attributed to the elements' nodes as concentrated loading. Figure 8 represents the model under the applied loading.
Boundary Conditions
In this study, two individual constraints were applied to the two nodes on the opposite sides of the initiated crack in order to constrain the specimen in all directions (Figure 8 ).
Constraints have been embedded on the right side of the model where they have less influence on the initiated crack. Figure 9 illustrates the negligible effect of the fixities on the existing crack.
Crack Initiation
Previous research has confirmed the large effects of hardness and residual stress on crack initiation, how lower hardness leads to a lower fatigue threshold, and consequently crack initiation is facilitated. High residual stress escalates crack initiation [1, [4] [5] [6] 13] . Therefore, here the initial crack was introduced in the TMAZ with the lowest hardness (118 Hv1) and with the highest residual stress of 96 MPa. The right and left tips of the initial crack were 9.5 and 10.5 mm away from PJL, respectively, as illustrated in Figure 8 . In this work, first an initial crack with a length of 1 mm was introduced into the TMAZ in order to model the entire crack propagation in detail through the FSW zones under 270 MPa maximum stress.
The smallest initial crack size identified by the replication technique, for the stress condition of 270 MPa maximum applied stress, was about 0.112 mm. However, the initial crack grows to 0.62 mm for 300 MPa applied stress. In this simulation, the fatigue lifetimes were predicted by considering an initial crack with a size of 0.2 mm in the TMAZ for high cycle fatigue (HCF) (loading conditions below 300 MPa maximum applied stress) and a 1 mm initial crack for low cycle fatigue (LCF) (loading conditions above 300 MPa maximum applied stress) conditions.
Crack Propagation
Although previous research showed similar results for different methods of calculating the crack growth direction and stress intensity factors, here the maximum tensile stress method [2, 19] and the displacement correlation technique [2, 23] were employed successively.
The incremental crack growth length (2a) is a significant factor in the accuracy of the simulation results. An incremental crack growth length of 0.1 mm was reported by Alizadeh et al. [32] and Simandjuntak et al. [33] . However, Wang et al. [29] considered this factor to be two times larger and used 2a 4 042 mm. In this work, the crack increment was considered to be 0.25 mm, which provides acceptable accuracy.
Crack Growth Model
Paris' model involves setting two constants, C and m, which are used in the equation as shown below:
where C and m are experimentally obtained material properties [2, 19, 23, 32] . These constants have been measured in experiments and were presented by Ali et al. [27] , but that study assumed the same value of C and m for all of the FSW zones. Two strategies were considered in this work in order to obtain different values of Paris' constants for the different welding zones, and to attribute them to the corresponding zones. The different values of Paris' constants were calculated by applying a linear regression to the constants obtained by Bussu and Irving [6] for each zone and the constants obtained by Ali et al. [27] for the PZ. Table 3 shows the values of C and m used in this study. FRANC2D/L is limited to using only one set of values for C and m (Paris' constants) in the simulations. There-fore here, the program was introduced by corresponding Paris' constants for crack propagation within each zone, and the number of cycles within every zone were calculated by considering the number of cycles from the previous zone as the origin (Figures 10a, c and d) . 11 . The entire crack propagation through the specimen based on the simulation and analytical methods for the 270 MPa maximum stress
Results and Discussion
Paris' model has been established to predict the crack growth rate of an edge. However, in order to apply it to an internal crack within a specimen, the internal crack is considered as two individual edge cracks in opposite directions. Paris' model is then applied to one of them, and finally the same results are considered for the other edge crack. This method is valid when the same fatigue behavior can be attributed to both tips of an internal crack, which is fulfilled while both of the tips propagate within one material. Therefore, for the present work in which the FSW specimen was initiated with an internal crack within the TMAZ, this method can be applied up to 46,000 cycles, at which time the crack tip on the right side touches the boundary between the TMAZ and NZ. When this crack tip crosses the border and enters the NZ, the crack propagation rate will increase significantly and the crack tip on the right will propagate rapidly along the NZ while the left tip advances slowly through the other zones. Figure 10 shows the fast growth of the right tip within the NZ compared with the left tip within the TMAZ, HAZ, and PZ. Because the right side of the internal crack can reach an arbitrary size before the left side, the number of cycles in which the internal crack reaches a particular size is obtained based on the propagation of the left crack tip. Therefore, the fatigue behavior of the internal crack was attributed based on the left tip. Figure 11 represents the entire crack propagation through the specimen, which was initiated with a 1 mm crack at the TMAZ, up to a length of 14.5 mm after about 190,000 cycles. This figure compares the results of the numerical simulation method with analytical results [27] . As is observed, the crack propagation process accelerates along the welding zones and the slope of the curve decreases. The crack behavior is greatly affected by the variation of the hardness and the residual stress along the zones. The increase in hardness from the TMAZ (118 Hv1) to the highest value of 167 (Hv1) in the next zone (HAZ) causes a higher crack growth rate (decrease in the slope of the curve) from the TMAZ to the HAZ. However, due to the decrease in hardness after the HAZ, the hardness characteristic contrasts with the observed increase in the crack propagation rate along the PZ. The increase in crack growth rate within the PZ compared with the HAZ is attributed to the lower residual stress (negative residual stress) of the HAZ. The crack length increases during crack propagation, which causes higher crack growth rate according to Equations (5) and (6):
where 2K is the stress intensity range, 21 is the stress range, and a denotes half of the internal crack length. Therefore, hardness variation and the crack growth phenomenon both have positive impacts on the increase in crack growth rate from the TMAZ to the HAZ. Although hardness has a negative effect on the increase of crack growth rate along the PZ, the residual stress and crack growth phenomenon support the higher growth rate through the PZ compared with the HAZ. Figure 11 confirms the methods employed in the present work, and therefore these applied strategies can be extended for various loading conditions in order to predict fatigue lifetimes, and consequently the S-N curve of the FSW joint.
As explained before, in this work the initial cracks are long enough so that crack growth through region I is not considered, or in other words fatigue life is not influenced by the crack growth through this region. Table 4 confirms the high rate of crack growth for the PZ as compared with the HAZ, which proves that when the crack approaches region III, the effect of crack propagation on lifetime decreases. Therefore, ignoring the crack growth within region III and establishing the calculations based on Paris' model does not influence the fatigue lifetime results. Figure 12 shows the predicted fatigue lifetimes of the FSW joint based on the numerical simulations, which were validated with experiments. The results of the previous analytical study [27] have been represented for comparison. The numerical results are in close agreement with the experiments, which implies the ability of Paris' model to predict the fatigue crack propagation within the FSW joint. One of the important factors in crack behavior is the material microstructure, which was not considered in this simulation due to the limitations of the FRANC2D/L which caused the observed differences between predictions and the test results. In fact, the microstructure plays a stronger role in the crack initiation phenomenon, compared with the propagation process1 however, considering this factor will improve the lifetime results. Although in the present work the variations of hardness and residual stress within the different FSW zones were considered, the variation of these characteristics along each welding zone was ignored, which is another reason for the observed differences between the experiments and numerical simulation results.
It is worth noting that every micro-region in the FSW joint has a different fatigue threshold, so higher applied loading (LCF) increases the number of short cracks which overcome the threshold intensity factor (K th ), which in turn causes multiple-cracks phenomenon. Figure 12 shows higher agreement between the simulations and experiments for lower applied loadings (HCF) where the specimen does not contain multiple cracks. The comparison between the numerically predicted lifetimes in this research and the analytical calculated ones confirms great similarity between the Paris and Hobson-Brown models for the study of fatigue cracks in FSW joints. This agreement implies another validation of the Paris model application to FSW joints.
Conclusion
1. Fatigue crack propagation through a FSW joint consisting of four different zones with different characteristics was simulated by applying FEM and in the framework of FRANC2D/L. The crack behavior was studied based on Paris' model incorporating the effects of residual stress, stress relaxation, and crack closure. The simulations showed good agreement with analytical results based on Hobson-Brown model.
2.
Fatigue lifetimes for FSW joint of 2024-T351 Al alloy were predicted numerically and represented in the form of S-N curve. The lifetime predictions show good similarity with the performed experiments.
3. The Paris and Hobson-Brown models provide similar predictions for the fatigue lifetime where the crack growth phenomenon does not include the initiation process and only consists of stable propagation within stage II.
